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(54) Lithium secondary battery 

(57) A lithium secondary battery having a life longer 
than conventional batteries at a high temperature for 
electric power storage systems, electric vehicles, eleva- 
tor power source, electric tools, and the like, which 
require a high output and a high input characteristics, is 
realized. 

A material specified in Li/Mn atomic ratio, lattice 
constant, half value width, specific surface area, and 
average primary particle size is used as the positive 
electrode active material; and a material specified in 
negative electrode density, true density, and crystalline 
thickness is used as the negative electrode; in order to 
obtain a lithium secondary battery having a long life at a 
high temperature, a high output, and a high input char- 
acteristics. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to lithium sec- 5 
ondary batteries. 

[0002] Currently, decreasing carbon dioxide, sup- 
pression of energy consumption, and the like are 
strongly required in view of environmental requirement. 
Accordingly, electric power storage systems, electric 10 
vehicles, and the like are receiving attention as new 
environmental technology. Lithium secondary batteries 
using non-aqueo us electrolyte have been developed 
remarkably, because of their high battery voltage and 
high energy density, and the lithium secondary batteries 15 
are practically used for information apparatus such as 
computers, portable telephones, and the like. 
[0003] However, because industrial batteries of 
high input, high output, and a large capacity require a 
large amount of active material, Co group materials and 20 
Ni group materials, which have been used for the infor- 
mation apparatus, can not be used practically for the 
industrial batteries in view of cost and resources. There- 
fore, spinel type Mn group materials are expected to 
solve these problems. However, the spinel type Mn 25 
group materials had problems such as low cycle life at 
high temperature, which is the most important issue for 
the industrial batteries, undesirable output characteris- 
tics, and undesirable input characteristics. 
[0004] In order to apply the lithium secondary bat- 30 
tery as power sources for electric vehicles, parallel 
hybrid electric vehicles, electric power storage systems, 
elevators, electric tools, and the like, a life at least 1000 
cycles (at least 70 % of capacity maintaining rate) at a 
high temperature higher than 50 °C, and an output 35 
power at least 500 W/kg are required for the lithium sec- 
ondary batteries. However, conventional Mn group 
materials could not achieve such a long life nor high out- 
put power density. 

[0005] Hitherto, many trials for extending the life 40 
have been performed. For instance, in accordance with 
JP-A-6-187993 (1994), extension of the life by increas- 
ing a composition ratio of Li and Mn, i.e. Li/Mn ratio, has 
been tried. However, decreasing its capacity of approxi- 
mately several per cent was occurred after only 10 45 
cycles of charge-discharge cycle even at room temper- 
ature. The cycle life of the lithium secondary battery is 
significantly influenced by environmental temperature, 
and, in particular, the life is remarkably shortened at a 
high temperature higher than 50 °C. Accordingly, it is 50 
difficult to obtain the cycle life longer than 1000 cycles at 
a high temperature higher than 50 °C by only increasing 
the Li/Mn ratio. 

[0006] In accordance with JP-B-8-24043 (1996), 
the extension of life has been tried by increasing the 55 
Li/Mn ratio similarly, and calcining the material at a tem- 
perature in the range of 430 - 51 0 °C so as to obtain a 
material having a lattice constant smaller than 8.22 A. 



However, only a life of approximately 200 cycles at room 
temperature could be obtained, and any prospect to 
obtain a cycle life of at least 1 000 cycles at a high tem- 
perature higher than 50 °C could not be obtained. In 
accordance with JP-A-7-282798 (1995), the extension 
of life has been tried by using a material having a large 
Li/Mn ratio, i.e. Li[Mn 2 . x Li x ]0 4 (0.020 s x s 0.081). How- 
ever, in a case when x was made 0.081 (Li/Mn ratio 
=0.58), decreasing the capacity of 5 % was observed 
even in room temperature after approximately 100 
cycles, and the cycle life longer than 1000 cycles could 
not be expected at a high temperature higher than 50 
°C. 

[0007] The reason of short cycle life is in disintegra- 
tion of crystals of the positive electrode active material 
by repeating expansion and shrinkage of the positive 
electrode active material with plural cycles of charging 
and discharging operations, which makes it prohibit 
reversal absorption and desorption of lithium. Addition- 
ally, Mn ions are readily dissolved into the electrolyte at 
a high temperature, and the crystal of the positive elec- 
trode active material is more readily disintegrated than 
at room temperature. The dissolved ions are precipi- 
tated on the negative electrode, the charge and dis- 
charge reactions at the negative electrode is disturbed, 
and the life of the negative electrode is shortened. 
[0008] The reason of low output characteristics, 
and low input characteristics with the lithium secondary 
battery is in low diffusion velocity relating to intercalation 
and deintercaiation of lithium ions, because an organic 
solvent having a lower ion conductivity than aqueous 
solution is used as the electrolyte. In particular, a coat- 
ing film is generated at the surface of the negative elec- 
trode by a reaction of the lithium ions, which are isolated 
by the presence of excessive amount of lithium ions for 
the reaction at the surface of the negative electrode, 
with the organic electrolyte, and the diffusion velocity of 
the lithium ions are further decreased by the presence 
of the coating film to make the output characteristics 
and the input characteristics worse. The ion conductivity 
of the organic solvent, i.e. the electrolyte, is decreased 
significantly at a low temperature, and the output char- 
acteristics and the input characteristics are getting fur- 
ther worse. 

SUMMARY OF THE INVENTION 

[0009] One of the objects of the present invention is 
to solve the above problems, and to provide a lithium 
secondary battery having a long life by using materials 
of long life at a high temperature, which is capable of 
receiving or supplying electric power rapidly corre- 
sponding to variation in power sources and power 
demands. 

[0010] In accordance with the lithium secondary 
battery of the present invention, a material containing 
amorphous carbon is used for the negative electrode, 
and a complex oxide containing Li and Mn, which has a 
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spinel type crystalline structure, is used for the positive 
electrode. 

[0011] The complex oxide as the positive electrode 
of the present invention necessitates Li and Mn as indis- 
pensable elements, but a small amount of other ele- 5 
ments such as transient element other than Mn, and 
elements in Ma group and lllb group can be contained. 
For instance, these elements are ti, V,. Cr, Fe, Co, Ni, 
Cu, Zn, Be, Mg, Ca, Sr, Ba, Ra, B, Al, Ga, In, Ti, and the 
like. Hereinafter structures of the positive electrode and 10 
the negative electrode are explained in details. 
[0012] The positive electrode active material of the 
present invention is characterized in Li/Mn atomic ratio 
of the complex oxide in the range of larger than 0.55 and 
smaller than 0.80. When the Li/Mn atomic ratio is equal 15 
to or smaller than 0.55, the cycle life is short, because 
Mn tons are dissolved into the electrolyte and the crys- 
talline structure of the complex oxide is disintegrated by 
repeating the charge and discharge cycles at a temper- 
ature higher than 50 °C. When the Li/Mn atomic ratio is 20 
equal to or larger than 0.80, the discharging capacity is 
small, and an objective lithium secondary battery for 
mounting on power sources of electric vehicles, parallel 
hybrid electric vehicles, electric power storage systems, 
elevators, electric tools, and the like can not be 25 
obtained. 

[0013] The spinel type crystalline of the complex 
oxide of the present invention is characterized in its lat- 
tice constant in the range larger than 8.031 A and 
smaller than 8.230 A. If the lattice constant is larger than 30 
8.230 A, the cycle life is short, because Mn ions are dis- 
solved into the electrolyte and the crystalline structure 
of the complex oxide is disintegrated by repeating the 
charge and discharge cycles at a temperature higher 
than 50 °C. If the lattice constant is smaller than 8.031 35 
A, the discharging capacity is small, and an objective 
lithium secondary battery for mounting on power 
sources of electric vehicles, parallel hybrid electric vehi- 
cles, electric power storage systems, elevators, electric 
tools, and the like can not be obtained. 40 
[0014] The crystalline of the complex oxide of the 
present invention is further characterized in its half 
value width of 2 6 angle at (400) peak in the x-ray dif- 
fraction pattern in the range smaller than 0.20°. In the 
measurement of the x-ray diffraction pattern, the Cu-k a 45 
ray was used as the radiation source, and a slit having a 
slit width of DS = SS = 0.5 ; RS = 0.1 5 was used. If the 
half value width is equal to or larger than 0.20°, the 
cycle life is short, because Mn ions are dissolved into 
the electrolyte and the crystalline structure of the com- so 
plex oxide is disintegrated by repeating the charge arid 
discharge cycles at a temperature higher than 50 °C. 
[0015] The complex oxide of the present invention 
is further characterized in its specific surface of second- 
ary particles of the complex oxide in the range smaller 55 
than 1.5m 2 /g and larger than 0.10 m 2 /g. If the specific 
surface is larger than 1.5 m 2 /g, the cycle life is short, 
because Mn ions are dissolved into the electrolyte and 



the crystalline structure of the complex oxide is disinte- 
grated by repeating the charge and discharge cycles at 
a temperature higher than 50 °C. If the specific surface 
is smaller than 0.10 m 2 /g, the power efficiency in quick 
charging and quick discharging is low, because the 
reaction field of the electrode active material Itself is 
small, and an objective lithium secondary battery for 
mounting on power sources of electric vehicles, parallel 
hybrid electric vehicles, electric power storage systems, 
elevators, electric tools, and the like can not be 
obtained. 

[0016] The complex oxide of the present invention 
is further characterized in its average particle diameter 
of primary particles of the complex oxide in the range 
larger than 1 \in\ and smaller than 20 |im. If the average 
particle diameter is smaller than 1 |im, the cycle life is 
short, because Mn ions are dissolved into the electro- 
lyte and the crystalline structure of the complex oxide is 
disintegrated by repeating the charge and discharge 
cycles at a temperature higher than 50 °C. If the aver- 
age particle diameter is larger than 20 jim, the power 
efficiency in quick charging and quick discharging is low, 
because the reaction field of the electrode active mate- 
rial itself is small, and an objective lithium secondary 
battery for mounting on power sources of electric vehi- 
cles, parallel hybrid electric vehicles, electric power 
storage systems, elevators, electric tools, and the like 
can not be obtained. 

[0017] The positive electrode of the present -inven- 
tion can be used for obtaining the objective lithium sec- 
ondary battery; which has a long life at a high 
temperature, and can be mounted on power sources of 
electric vehicles, electric power storage systems, eleva- 
tors, electric tools, and the like; by only forming a com- 
bination with a negative electrode containing 
amorphous carbon. The negative electrode active 
material of the lithium secondary battery of the present 
invention is characterized in containing amorphous car- 
bon, and in its negative electrode density in the range 
larger than 0.95 g/cm 3 , and smaller than 1.5 g/cm 3 . 
[0018] When the charge and discharge cycles is 
repeated at a temperature higher than 50 °C, Mn ions 
are dissolved into the electrolyte from the positive elec- 
trode active material, and Mn is precipitated at a por- 
tion, the potential of which becomes lower than the Mn 
ion precipitation starting potential, i.e. 2 V. The precipi- 
tated portions are such as the negative electrode, sepa- 
rator, electricity collecting foil, battery can, and the like. 
If the negative electrode density is smaller than 0.95 
g/cm 3 , vacancies in the negative electrode are numer- 
ous and the specific surface. area as the electrode is 
large. Accordingly, a large amount of Mn is precipitated 
on the surface and inside of the negative electrode. The 
precipitated Mn decreases the capacity of the negative 
electrode significantly, and makes the cycle life short. If 
the negative electrode density is larger than 1 .5 g/cm 3 , 
the vacancy in the negative electrode is too small to 
make the electrolyte penetrate into the inside of the 
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electrode. Therefore, the capacity of the negative elec- 
trode is decreased significantly, and the objective lith : 
ium secondary battery for mounting on power sources 
of electric vehicles, parallel hybrid electric vehicles, 
electric power storage systems, elevators, electric tools, 5 
and the like can not be obtained. 
[001 9] The negative electrode active material of the 
lithium secondary battery of the present invention is fur- 
ther characterized in containing amorphous carbon, 
and in its true density in the range of 1.2 g/cm 3 - 1.8 w 
g/cm 3 . When the charge and discharge cycles is 
repeated at a temperature higher than 50 °C, Mn ions 
are dissolved into the electrolyte from the positive elec- 
trode active material, and Mn is precipitated at a por- 
tion, the potential of which becomes lower than the Mn 15 
ion precipitation starting potential, i.e. 2 V. The precipi- 
tated portions are such as the negative electrode, sepa- 
rator, electricity collecting foil, battery can, and the like. 
If the true density of the amorphous carbon is smaller 
than 1 .2 g/cm 3 , vacancies in the carbon are numerous 20 
and the specific surface area is large. Accordingly, a 
large amount of Mn is precipitated on the surface and 
inside of the carbon. The precipitated Mn decreases the 
capacity of the negative electrode significantly, and 
makes the cycle life short. If the true density of the 25 
amorphous carbon is larger than 1 .8 g/cm 3 , the vacancy 
in the negative electrode is too small to make the elec- 
trolyte penetrate into the inside of the electrode. There- 
fore, the capacity of the negative electrode is decreased 
significantly, and the objective lithium secondary battery 30 
for mounting on power sources of electric vehicles, par- 
allel hybrid electric vehicles, electric power storage sys- 
tems, elevators, electric tools, and the like can not be 
obtained. 

[0020] The negative electrode active material of the 35 
lithium secondary battery of the present invention is fur- 
ther characterized in containing amorphous carbon, 
and in its crystalline thickness Lc in the range of 5 A - 
1 50 A. The crystalline thickness Lc is one of the indexes 
indicating crystallinity of the carbon, that is, a small Lc 40 
indicates a strong amorphous property, and a large Lc 
indicates a strong graphitized property. The Lc is also 
an index indicating the number of laminated layers in a 
direction perpendicular to the six members ring network 
plane. A small Lc means a small number of the lami- 45 
nated layers, and further means a small number of inter- 
calating - deintercalating sites for lithium, i.e. the end 
portions of the six members ring. On the contrary, a 
large Lc means a large number of the laminated layers, 
and further means a large number of intercalating - 50 
deintercalating sites for lithium, i.e. the end portions of 
the six members ring. If crystalline thickness Lc of car- 
bon is smaller than 5 A, the intercalating - deintercalat- 
ing reaction is not proceeded smoothly, because the 
intercalating - deintercalating sites for lithium is not 55 
ensured. Therefore, output characteristics and input 
characteristics are significantly deteriorated, because a 
condition wherein the lithium ions are strongly trapped 
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in carbon is maintained. If crystalline thickness Lc of 
carbon is larger than 1 50 A, the properties as graphite 
becomes stronger than the amorphous properties, the 
six members ring network planes are laminated in par- 
allel each other, and the end portion of the six members 
ring is concentrated In a direction. Therefore, the inter- 
calating - deintercalating sites for lithium is oriented in 
the direction, and the intercalating - deintercalating 
reaction of lithium is proceeded only in a direction. 
Accordingly, the output characteristics and the input 
characteristics are significantly deteriorated. As the 
results, the objective lithium secondary battery for 
mounting on power sources of electric vehicles, parallel 
hybrid electric vehicles, electric power storage systems, 
elevators, electric tools, and the like can not be 
obtained. 

[0021] The lithium secondary battery of the present 
invention is featured in obtaining an input density in the 
range of 300 W/kg - 1 800 W/kg per unit battery. Further- 
more, the lithium secondary battery of the present 
invention is featured in obtaining an output density in the 
range of 500 W/kg - 3500 W/kg per unit battery. The bat- 
tery can be used in the same range as the output den- 
sity. The power source which can be used in the above 
range is the power sources for such as electric vehicles, 
parallel hybrid electric vehicles, electric power storage 
systems, elevators, electric tools, and the like. 
[0022] The lithium secondary battery of the present 
invention is featured in obtaining an input density in the 
range of 200 W/kg - 1 300 W/kg per set of batteries. Fur- 
thermore, the lithium secondary battery of the present 
invention is featured in obtaining an output density in the 
range of 360 W/kg - 2520 W/kg per set of batteries. The 
battery can be used in the same range as the output 
density. The power source which can be used in the 
above range is the power sources for such as electric 
vehicles, parallel hybrid electric vehicles, electric power 
storage systems, elevators, electric tools, and the like. 
[0023] The lithium secondary battery of the present 
invention is featured in obtaining an input density in the 
range of 300 W/kg - 1 800 W/kg per unit battery, and 200 
W/kg - 1300 W/kg per set of batteries, at a temperature 
in the range from -10 °C to 50 °C. The battery can be 
used in the same range as the above. The power source 
which can be used in the above range is the power 
sources for such as electric vehicles, parallel hybrid 
electric vehicles, electric power storage systems, eleva- 
tors, electric tools, and the like. 

[0024] The lithium secondary battery of the present 
invention is featured in obtaining an input density in the 
range of 500 W/kg - 3500 W/kg per unit battery, and 360 
W/kg -2520 W/kg per set of batteries, at a temperature 
in the range from -10 °C to 50 °C. The battery can be 
used in the same range as the above. The power source 
which can be used in the above range is the power 
sources for such as electric vehicles, parallel hybrid 
electric vehicles, electric power storage systems, eleva- 
tors, electric tools, and the like. 
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[0025] A method of manufacturing the positive elec- 
trode active material of the present invention is featured 
in comprising the steps of: mixing manganese dioxide 
with lithium carbonate by a designated ratio, calcining 
preliminarily the mixture at a temperature in the range of 
500 °C - 650 °C in air, calcining again the mixture at a 
temperature in the range of 800 °C - 850 °C in air for 
more than 20 hours, and cooling the mixture by a cool- 
ing velocity slower than 2 °C/minute. The positive elec- 
trode active material obtained by the method explained 
above has a high crystallinity, a significant grain growth, 
and preferable long life characteristics even at a high 
temperature. 

[0026] The lithium secondary battery comprising 
the positive electrode of the present invention and the 
negative electrode has a cycle life of more than 1000 
cycles at a temperature higher than 50 °C, and high 
input characteristics and output characteristics at a tem- 
perature in the range from -10 °C to 50 °C. Therefore, 
the lithium secondary battery comprising the positive 
electrode of the present invention and the negative elec- 
trode can be applied to the power sources for such as 
electric vehicles, parallel hybrid electric vehicles, elec- 
tric power storage systems, elevators, electric tools, and 
the like, in particular, to the power sources which 
requires power assistance. 

[0027] In accordance with the present invention, the 
lithium secondary battery applicable to industrial batter- 
ies, which require a cycle life of more than 1000 cycles 
at a temperature higher than 50 °C, can be obtained. 
[0028] Operations of the lithium secondary battery 
is explained, hereinafter. 

[0029] In order to extend the charging - discharging 
cycle life at a high temperature, it is necessary to sup- 
press disintegration of crystalline structure accompa- 
nied with the charging-discharging reaction by 
increasing the stability of the positive electrode active 
material. The disintegration of crystalline structure 
accompanied with the charging-discharging reaction 
has two factors, the one is a mechanical disintegration 
caused by expansion and shrinkage of the lattice at the 
charging and discharging operation, and the other is a 
chemical disintegration caused by eluting tetravalent 
Mn generated during the charging operation by forming 
an organic complex with the organic solvent in the elec- 
trolyte. 

[0030] In accordance with the positive electrode 
active material, a material having a large Li/Mn ratio is 
used. Accordingly, the ratio of Mn 4+ ions having a 
smaller ion diameter in comparison with Mn 3+ ions is 
increased relatively, and lattice • deformation can be 
decreased by suppressing a Jahn-Teller unstability of 
Mn 3 * ions. Therefore, both the mechanical disintegra- 
tion and the chemical disintegration can be suppressed. 
For instance, when Li/Mn = 0.50, in accordance with the 
chemical formula of LiMn 2 0 4 , an average valence of Mn 
ion is 3.5 in consideration of the neutral condition of its 
electric charge, that is, the number of Mn 3 * ions is equal 



to the number of Mn 4+ ions. When Li/Mn = 0.58, an 
average valence of Mn ion calculated from the chemical 
formula of Li 1+ . x Mn 2 . x 0 4 becomes +3.63. It means that 
the ratio of Mn 4 * ions is increased relatively. 

5 [0031] At this time, the lattice constant is smaller 
than the lattice constant of the former. Accordingly, the 
amount of expansion and shrinkage during the charging 
and discharging is decreased, and the mechanical dis- 
integration can be suppressed. If the valence of Mn 

10 comes to close to tetravalent, lithium ions which can not 
be delntercalated as much remain in the crystalline 
structure, and support the crystalline structure as oper- 
ating as supporting poles. Accordingly, both the 
mechanical disintegration and the chemical disintegra- 

15 tion can be suppressed. 

[0032] Because the positive electrode active mate- 
ria! of the present invention has a high crystallinity and 
significant grain growth, the stability of the crystal is 
remarkable, and both the mechanical disintegration and 

20 the chemical disintegration can be suppressed. 

[0033] However, even if the positive electrode active 
material of the present invention is used, the elution of 
Mn to a certain extent can not be avoided depending on 
the temperature condition of the charging and discharg- 
es ing operations, although it may not cause the chemical 
disintegration. The problem caused by elution of Mn is 
the portion where the eluted Mn is precipitated. If the 
eluted Mn is precipitated on the negative electrode pri- 
marily, the negative electrode capacity is decreased, 

30 and the cycle life is shortened. The portions of precipi- 
tating Mn on the negative electrode can be decreased 
by increasing the density of the negative electrode, or 
the true density of the carbon, and decreasing the 
capacity can be suppressed. 

35 [0034] As the material of the negative electrode for 
forming the battery, the material including amorphous 
carbon as the negative electrode must be used, in order 
to obtain industrial batteries of long life. When the neg- 
ative electrode, which does not include amorphous car- 

40 bon therein, is used, the cycle life is short, and the 
negative electrode can not be applied to industrial bat- 
teries, which require a cycle life of at least 1 000 cycles 
even at a temperature higher than 50 °C. When nega- 
tive electrodes made of conventional carbon other than 

45 the amorphous carbon are used, the organic solvent 
used as the electrolyte 'is readily decomposed at a tem- 
perature higher than 50 °C to form carbon dioxide gas, 
hydrocarbons, lithium alkoxides, and others. In accord- 
ance with the amorphous carbon, such decomposition 

so of the electrolyte is relatively less in comparison with 
other carbon materials, and the life at the high tempera- 
ture is long. 

[0035] As the carbon material for forming the bat- 
tery, the carbon material having a crystalline thickness 
55 Lc in an optimum range must be used, in order to 
improve the output characteristics and the output char- 
acteristics. If the Lc is too large, or too small, it has 
undesirable effects such as decreasing the number of 
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the intercalation-deintercalation sites, generating a 
directivity, decreasing the intercalating.and deintercaiat- 
ing velocities, and others. . 

[0036] In accordance with the lithium secondary 
battery of the present invention, high input characteris- 
tics and output characteristics can be obtained by com- 
bining the positive electrode with the negative electrode 
of the present invention. Furthermore, in accordance 
with the lithium secondary battery of the present inven- 
tion, high input characteristics and output characteris- 
tics can be obtained even if a set of the batteries is 
made up with it. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0037] 

FIG. 1 is a graph indicating the relationship 
between the cycle life of lithium battery and the 
atomic ratio of Li/Mn of an embodiment of the 
present invention, 

FIG. 2 is a graph indicating the relationship 
between the cycle life of lithium battery and the lat- 
tice constant of an embodiment of the present 
invention, 

FIG. 3 is a graph indicating, the relationship 
between the cycle life of lithium battery and the half 
value width of peak of an embodiment of the 
present invention, 

FIG. 4 is a graph indicating the relationship 
between the cycle life of the lithium battery and the 
specific surface area of an embodiment of the 
present invention, 

FIG. 5 is a graph indicating the relationship 
between the cycle life of the lithium battery and the 
average primary particle diameter of an embodi- 
ment of the present invention, 
FIG. 6 is a graph indicating the relationship 
between the cycle life of the lithium battery and the 
negative electrode density of an embodiment of the 
present invention, 

FIG. 7 is a graph indicating the relationship 
between the cycle life of the lithium battery and the 
discharge capacity of an embodiment of the 
present invention, 

FIG. 8 is a partially sectional side view of the lithium 
secondary battery of an embodiment of the present 
invention, 

FIG. 9 is a schematic cross sectional view of posi- 
tive electrode and negative electrode used in the 
battery shown in FIG. 8, 

FIG. 10 is a schematic cross sectional view indicat- 
ing the crystalline structure of the complex oxide 
layer used in the battery shown in FIG. 8, 
FIG. 1 1 is a schematic cross sectional view indicat- 
ing the conventional crystalline structure of the 
complex oxide layer, 

FIG. 12 is a schematic cross sectional view indicat- 



ing the conventional crystalline structure of the 
complex oxide layer, 
. FIG. 13 is a schematic cross sectional view indicat- 
ing the conventional crystalline structure of the 
5 complex oxide layer, and 

FIG. 14 is a graph indicating the relationship 
between the cycle life of the lithium battery and the 
negative electrode true density of an embodiment 
of the present invention. 

w 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0038] Hereinafter, details of the present invention 
15 is explained referring to practical embodiments. How- 
ever, the present invention is not restricted by these 
embodiments as far as within the scope of the present 
invention. 

20 (Embodiment 1 ) 

[0039] The characteristics of the positive electrode 
active material was evaluated. 

[0040] First, the method of manufacturing the posi- 
es tive electrode is explained hereinafter. A mixture was 
prepared by mixing the positive electrode active mate- 
rial 90 % by weight, polyvinylidene fluoride 4 % by 
weight as a binder, and graphite 6 % by weight as an 
electric conductor. After kneading for 30 minutes with a 
30 kneader, the mixture was applied onto both planes of an 
aluminum foil of 20 microns thick. 
[0041 ] Amorphous carbon powder was used for the 
negative electrode. A mixture was prepared by mixing 
the amorphous carbon powder 87 % by weight, acety- 
ls lene black 6 % by weight as an electric conductor, and 
polyvinylidene fluoride 7 % by weight as a binder. After 
kneading for 30 minutes with a kneader, the mixture was 
applied onto both planes of a copper foil of 1 0 microns 
thick. The positive electrode and the negative electrode 
40 were formed respectively by pressing and drawing, 
welding terminals by spot welding, and drying in vac- 
uum at 150 °C for 5 hours. 

[0042] The positive electrode and the negative elec- 
trode were laminated via a separator made of fine 

45 porous polypropylene, wound in a spiral shape, and 
inserted into a battery can made of stainless steel. The 
negative electrode terminal was welded to the battery 
can, and the positive electrode terminal was welded to 
the lid of the battery can. The electrolyte was prepared 

so by dissolving 1 mole of LiPF 6 into one liter of a solvent 
prepared by mixing ethylene carbonate and diethyl car- 
bonate. The electrolyte was poured into the battery can. 
A cylindrical battery of 800 mAh was prepared by caulk- 
ing the lid onto the battery can. The cycles of charging 

55 the battery with constant voltage and constant current of 
800 mA, 4.2 V at an environ temperature of 50 °C for 7 
hours, and then, discharging the battery with 800 mA to 
2.8 V were repeated. 
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[0043] FIG. 1 is a graph indicating the relationship ' 
among the cycle life, the Li/Mn ratio in the positive elec- 
trode active material, and the discharging capacity. The ■ 
other conditions are within the optimum range of the 
present invention. In accordance with FIG. 1, it is 5 
revealed that both the cycle life and the discharging 
capacity indicate preferable characteristics with the 
Li/Mn ratio in the range equal to or larger than 0.55 and 
equal to or smaller than 0.8. 

[0044] In accordance with a single battery, the input- 10 
density was in the range of 300 W/kg - 1800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0045] In a case of a set of the batteries, wherein 96 15 
batteries were connected in series, the input density 1 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -10 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 20 

(Embodiment 2) 

[0046] The battery characteristics were evaluated 
in the same manner as the embodiment 1. The lattice 25 
constant of the positive electrode active material was 
measured by x-ray analysis, and the lattice constant of 
spinel type cubic crystal was obtained by the least 
square method. FIG. 2 indicates the relationship among 
the lattice constant of the positive electrode active mate- 30 
rial, the cycle life, and the discharging capacity. The 
other conditions are within the optimum range of the 
present invention. In accordance with FIG. 2, it is 
revealed that both the cycle life and the discharging 
capacity are preferable with lattice constant in the range 35 
of larger than 8.031 A and smaller than 8.230 A. 
[0047] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1 800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -10 °C to 50 °C 40 
with the depth of discharge in the range of 30 % - 80 %. 
[0048] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 45 
a temperature in the range from -10 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Embodiment 3) 

50 

[0049] The battery characteristics were evaluated 
in the same manner as the embodiment 1. The lattice 
constant of the positive electrode active material was 
measured by x-ray analysis of the peak (400) using a 
CuKa x-ray source with a slit width of DS = SS = 0.5 , 55 
RS = 0.15. FIG. 3 indicates the relationship between the 
cycle life of lithium battery and the half value width of 
peak (400). The other conditions are within the optimum 
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range of the present invention. In accordance with FIG. 

3, it is revealed that the cycle life is preferable with the 
half value width of the peak (400) in the range smaller 
than 0.2 degrees. 

[0050] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1 800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0051 ] In a case of a set of the batteries, wherein 96 
batteries were connected , in series, the Input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Embodiment 4) 

[0052] The cycle life characteristics were evaluated 
by preparing the battery in the same manner as the 
embodiment 1. The quick discharging efficiency was 
determined as the ratio of charging capacity to the dis- 
charging capacity, when charging the battery with a 
constant current and constant voltage of 800 mA, 4.2 V, 
for 7 hours at an environmental temperature of 20 °C, 
and discharging the battery with 1 600 mA to 2.8 V. FIG. 
4 indicates the relationship among the specific surface 
area of the secondary particles of the positive electrode 
active material, the cycle life, and quick discharging effi- 
ciency. The other conditions are within the optimum 
range of the present invention. In accordance with FIG. 

4, it is revealed that both the cycle life and the quick dis- 
charging efficiency are preferable with the specific sur- 
face area in the range of larger than 0.1 m 2 /g and 
smaller than 1 .5 m 2 /g. 

[0053] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0054] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Embodiment5) 

[0055] The battery characteristics were evaluated 
by preparing the battery in the same manner as the 
embodiments 1 and 4. FIG. 5 indicates the relationship 
among the particle diameter of average primary parti- 
cles of the positive electrode active material, the cycle 
life, and quick discharging efficiency. The other condi- 
tions are within the optimum range of the present inven- 
tion. In accordance with FIG. 5, it is revealed that both 
the cycle life and the quick discharging efficiency are 
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preferable with the particle diameter of average primary 
particles of the positive electrode active material in the 
range of larger than 1 u.m and smaller than 20 |im. 
[0056] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1800 W/kg, and 5 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0057] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density w 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

15 

(Embodiment 6) 

[0058] The cycle characteristics were evaluated by 
preparing the battery in the same manner as the 
embodiment 1. Regarding the negative electrode dis- 20 
charging capacity, the capacity of the single negative 
electrode was evaluated using Li metal as an opposing 
electrode. FIG. 6 indicates the relationship among the 
negative electrode density, the cycle life, and the nega- 
tive electrode discharging capacity. The other condi- 25 
tions are within the optimum range of the present 
invention. In accordance with FIG. 6, it is revealed that 
both the cycle life and the negative electrode discharg- 
ing capacity are preferable with the negative electrode 
density in the range of larger than 0.95 g/cm 3 and 30 
smaller than 1 .5 g/cm 3 . 

[0059] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1 800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -1 0 °C to 50 °C 35 
with the depth of discharge in the range of 30 % - 80 %. 
[0060] In a case of a set ofthe batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 40 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Embodiment 7) 

45 

[0061] The synthetic method of the positive elec- 
trode material of the present invention is explained 
hereinafter. A raw material was prepared by mixing 
electrolytic manganese dioxide and lithium carbonate to 
make the Li/Mn ratio 0.62. The raw material was cal- so 
cined at 615 °C for 15 hours, then, the raw material was 
mixed again, and sintered at 825 °C for 30 hours. The 
calcination is an indispensable operation for obtaining 
preferable cycle life by increasing the homogeneity and 
crystallinity of the material. The raw material was cooled 55 
by a cooling velocity of 1 °C/minute after sintering. 
[0062] The powder x-ray diffraction of the positive 
electrode material obtained in the manner above was 



measured using a CuK a x-ray source, and it was con- 
firmed, that the material was spinel type crystalline 
structure containing no other phase. The lattice con- 
stant at this time was 8.21 1 A, and the half value width 
ofthe peak (400) was 0.09 degrees. Furthermore, it was 
confirmed that the average primary particle diameter 
was 3.1 jim, and the specific surface area of the sec- 
ondary particles was 0.32 m 2 /g. Amorphous carbon 
was used as the negative electrode, and its density was 
1 .05 g/cm 3 . A battery was manufactured in the same 
manner as the embodiment 1, and its cycle characteris- 
tics were evaluated in an environmental temperature of 
50 °C. In accordance with the curve A in FIG. 7, it was 
confirmed that the cycje life more than 1000 cycles 
could be obtained. 

[0063] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1 800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -10 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0064] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Comparative example 1) 

[Q065] A raw material was prepared by mixing elec- 
trolytic manganese dioxide and lithium carbonate to 
make the Li/Mn ratio 0.62, calcining the mixture at 750 
°C for 5 hours. Then, the raw material was cooled by a 
cooling velocity of 5 °C/minute after calcining. The lat- 
tice constant of the active material obtained at this time 
was 8.22 A, and it was revealed that the lattice constant 
was in the range of the scope of the present invention. 
However, the half value width of the peak (400) was 0.4 
degrees, the average primary particle diameter was 0.6 
urn, and the specific surface area of the secondary par- 
ticles was 2.2 m 2 /g. Therefore, it was confirmed that 
these parameters were out of the range of the present 
invention. With making the density ofthe negative elec- 
trode 1 .05 g/cm 3 in the range of the present invention, a 
battery was manufactured in the same manner as the. 
embodiment 1, and its cycle characteristics were evalu- 
ated in an environmental temperature of 60 °C. In 
accordance with the curve B in FIG. 7, it was confirmed 
that the cycle life of only 1 00 cycles could be obtained. 
[0066] In accordance with a single battery, the input 
density was in the range of 150 W/kg - 1300 W/kg, and 
the output density was in the range of 400 W/kg - 2800 
W/kg at a temperature in the range from -10 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
It was confirmed that both the input characteristics and 
the output characteristics were inferior to the battery of 
the present invention. 

[0067] In a case of a set of the batteries, wherein 96 
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batteries were connected in series, the input density 
was in the range of 90 W/kg - 780 W/kg, and the output 
density was in the range of 240 W/kg - 1680 W/kg at a 
temperature in the range from -10 °C to 50 °C with the 
depth of discharge in the range of 30 %.- 80 %. It was 5 
confirmed that both the input characteristics and the 
output characteristics were inferior to the battery of the 
present invention. 

(Comparative example 2) w 

[0068] A raw material was prepared by mixing elec- 
trolytic manganese dioxide and lithium carbonate to 
make the Li/Mn ratio 0.65, calcining' the mixture at 635 
°C for 15 hours, mixing the calcined material again, and 75 
sintering the mixture at 855 °C for 30 hours. Then, the 
raw material was cooled by a cooling velocity of 1 
°C/minute after sintering. The lattice constant of the 
active material obtained at this time was 8.190 A, the 
half value width of the peak (400) was 0.08 degrees, the 20 
average primary particle diameter was 15 jim, and the 
specific surface area of the secondary particles was 
0.12 m 2 /g. Therefore, it was confirmed that the positive 
electrode active material of the present invention was 
obtained. On the contrary, making the density of the 25 
negative electrode 0.91 g/cm 3 , which was out of the 
range of the present invention, a battery was manufac- 
tured in the same manner as the embodiment 1 , and its 
cycle characteristics were evaluated in an environmen- 
tal temperature of 60 °C. In accordance with the curve C 30 
in FIG. 7, it was confirmed that the cycle life of only 50 
cycles could be obtained. 

[0069] In accordance with a single battery, the input 
density was in the range of 150 W/kg - 1300 W/kg, and 
the output density was in the range of 400 W/kg - 2800 35 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
It was confirmed that both the input characteristics and 
the output characteristics were inferior to the battery of 
the present invention. 40 
[0070] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 90 W/kg - 780 W/kg, and the output 
density was in the range of 240 W/kg - 1680 W/kg at a 
temperature in the range from -10 °C to 50 °C with the 45 
depth of discharge in the range of 30 % - 80 %. It was 
confirmed that both the input characteristics and the 
output characteristics were inferior to the battery of the 
present invention. 

50 

(Comparative example 3) 

[0071 ] A raw material was prepared by mixing elec- 
trolytic manganese dioxide and lithium carbonate to 
make the Li/Mn ratio 0.51, and calcining the mixture at 55 
900 °C for 5 hours. Then, the raw material was cooled 
by a cooling velocity of 1 °C/minute. The lattice constant 
of the active material obtained at this time was 8.237 A, 



which was out of the range of the present invention. 
However, the half value width of the peak (400) was 
0.08 degrees, the average primary particle diameter 
was 1 0 um, and the specific surface area of the second- 
ary particles was 0.15 m 2 /g. Therefore, it was confirmed 
that these parameters were in the range of the present 
invention. The density of the negative electrode was 
made as 1 .05 g/cm 3 . A battery was manufactured in the 
same manner as the embodiment 1, and its cycle char- 
acteristics were evaluated in an environmental temper- 
ature of 60 °C. In accordance with the curve D in FIG. 7, 
it was confirmed that the cycle life of only 150 cycles 
could be obtained. 

[0072] In accordance with a single battery, the input 
density was in the range of 150 W/kg - 1300 W/kg, and 
the output density was in the range of 400 W/kg - 2800 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
it was confirmed that both the input characteristics and 
the output characteristics were inferior to the battery of 
the present invention. 

[0073] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 90 W/kg - 780 W/kg, and the output 
density was in the range of 240 W/kg - 1 680 W/kg at a 
temperature in the range from -10 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. It was 
confirmed that both the input characteristics and the 
output characteristics were inferior to the battery of the 
present invention. 

(Comparative example 4) 

[0074] A raw material was prepared by mixing elec- 
trolytic manganese dioxide and lithium carbonate to 
make the Li/Mn ratio 0.62, and calcining the mixture at 
850 °C for 5 hours. Then, the raw material was cooled 
by a cooling velocity of 1 °C/minute. The lattice constant 
of the active material obtained at this time was 8.22 A, 
the half value width of the peak (400) was 0.1 degrees, 
and the average primary particle diameter was 2 u.m. 
Therefore, it was confirmed that these parameters were 
in the range of the present invention. However, the spe- 
cific surface area of the secondary particles was as 
large as 1 .8 m 2 /g. The density of the negative electrode 
was made as 1.05 g/cm 3 . A battery was manufactured 
in the same manner as the embodiment 1 , and its cycle 
characteristics were evaluated in an environmental tem- 
perature of 60 °C. In accordance with the curve E in 
FIG. 7, it was confirmed that the cycle life of only 500 
cycles could be obtained. 

[0075] In accordance with a single battery, the input 
density was in the range of 150 W/kg - 1300 W/kg, and 
the output density was in the range of 400 W/kg - 2800 
W/kg at a temperature in the range from -1 0 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
It was confirmed that both the input characteristics and 
the output characteristics were inferior to the battery of 
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the present invention. 

[0076] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 90 W/kg - 780 W/kg, and the output 
density was in the range of 240 W/kg - 1 680 W/kg at a 5 
temperature in the range from -10 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. It was 
confirmed that both the input characteristics and the 
output characteristics were inferior to the battery of the 
present invention. . w 

(Embodiment 8) 

[0077] The lithium secondary battery using the 
complex oxide of the present invention as the positive 15 
electrode has a feature that the charging-discharging 
efficiency is approximately 100 %, and reversibility of 
the intercalation-deintercalation of lithium ions is prefer- 
able in addition to the advantages described above. 
[0078] The lithium secondary battery indicated in 20 
FIG. 8 is manufactured by laminating the negative elec- 
trode 2 and the positive electrode 3 via the separator 
made of fine porous polypropylene, winding the lami- 
nated materials in a spiral shape, and inserting the 
wound materials into a battery can 4 made of stainless 25 
steel (SUS). The negative electrode 2 is connected to 
the battery can 4 via the negative electrode lead line 2A. 
The positive electrode 3 is connected to the lid 4, i.e. a 
metallic member, via the positive electrode lead line 3A. 
An insulating member 5 is interposed between the lid 4 30 
and the battery can 4, and inside the battery can 4 is 
sealed. An electrolyte was injected into the battery can 
4. The protrusion on the lid is the positive electrode ter- 
minal 6, and the portion of the battery can 4 opposite to 
the protrusion is the negative electrode terminal 7. 35 
[0079] The electric collector 2B of the negative 
electrode 2 indicated in FIG. 9 is provided with the car- 
bon layer 2C. The electric collector 3B of the positive 
electrode 3 is provided with the complex oxide layer 3C 
including Li and Mn of the present invention. When a 40 
current is flowed between the positive electrode and the 
negative electrode, Li ions are readily transferred from 
the complex oxide layer 3C to the carbon layer 2C. 
[0080] The reason is explained referring to FIG. 10, 
hereinafter. The complex oxide layer 3C is composed of 45 
plural crystalline lattices 3D, which are arranged regu- 
larly. When Li ions are released from the crystalline lat- 
tice 3D, the Li ions can be diffused to the carbon layer 
2C faster than prior art which is described later, 
because the diffusion is not hindered by the defect 3F, 50 
the transition 3G, nor impurities as indicated in. FIG. 12 
and FIG. 13. In accordance with conventional crystalline 
lattice 3D indicated in FIG. 1 1, the release of Li ions is 
disturbed by the deformed portion 3E, which lacks reg- 
ularity of the crystalline structure, and Li ions can not be 55 
transferred to the carbon layer 2C. Therefore, the dis- 
charging efficiency is decreased. The circumstance is 
same when Li ions are intercalated from the carbon 



layer 2C into the complex oxide layer 3C. 
[0081] As explained above, the lithium secondary 
battery using the complex oxide layer 3C including Li 
and Mn of the present invention has a preferable revers- 
ibility in intercalation-deintercalation of Li, and the 
charging-discharging efficiency can be maintained 
approximately at 1 00 %. 

(Embodiment 9) 

[0082] A battery was manufactured in the same 
manner as the embodiment 1, and the cycle character- 
istics of the battery was evaluated. Regarding the nega- 
tive electrode discharging capacity, the capacity of the 
single negative electrode was evaluated using Li metal 
as an opposing electrode. FIG. 14 indicates the relation- 
ship among the negative electrode true density, the 
cycle life, and the negative electrode discharging capac- 
ity. The other conditions are within the optimum range of 
the present invention. In accordance with FIG. 14, it is 
revealed that both the cycle life and the negative elec- 
trode discharging capacity are preferable with the nega- 
tive electrode density in the range of larger than 1.2 
g/cm 3 and smaller than 1 .8 g/cm 3 . 
[0083] In accordance with a single battery, the input 
density was in the range of 300 W/kg - 1 800 W/kg, and 
the output density was in the range of 500 W/kg - 3500 
W/kg at a temperature in the range from -10 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0084] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 200 W/kg - 1300 W/kg, and the out- 
put density was in the range of 360 W/kg - 2520 W/kg at 
a temperature in the range from -1 0 °C to 50 °C with the 
depth of discharge in the range of 30 % - 80 %. 

(Embodiment 10) 

[0085] A battery was manufactured in the same 
manner as the embodiment 1, and the relationship 
among the crystalline thickness of the negative elec- 
trode carbon Lc, the input density, and the output den- 
sity was evaluated. The other conditions are within the 
optimum range of the present invention. Both the input 
density and the output density indicate preferable char- 
acteristics with the crystalline thickness Lc of the nega- 
tive electrode carbon in the range of 5 A - 150 A. 
[0086] In accordance with a single battery, the input 
density was in the range of 1 000 W/kg - 1 800 W/kg, and 
the output density was in the range of 2500 W/kg - 3500 
W/kg at a temperature in the range from -10 °C to 50 °C 
with the depth of discharge in the range of 30 % - 80 %. 
[0087] In a case of a set of the batteries, wherein 96 
batteries were connected in series, the input density 
was in the range of 800 W/kg - 1300 W/kg, and the out- 
put density was in the range of 2000 W/kg - 2520 W/kg 
at a temperature in the range from -1 0 °C to 50 °C with 
the depth of discharge in the range of 30 % - 80 %. 
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[0088] As explained above, in accordance with the 
present invention, the lithium secondary battery having 
a long life can be obtained by using the materials having 
a long life under a high temperature. The lithium sec- 
ondary battery using the complex oxide including Li and 
Mn of the present invention can responds to variation in 
charges, and supplies electric power quickly. 

Claims 

1 . A lithium secondary battery comprising: 

a negative electrode, 
a non-aqueous electrolyte, and 
a positive electrode, wherein 
an active material of said negative electrode 
comprises amorphous carbon, negative elec- 
trode density of which is larger than 0.95 
g/cm 3 , and smaller than 1 .5 g/cm 3 , 
an active material of said positive electrode 
comprises a complex oxide material including 
Li and Mn, which has a spinel type crystalline 
structure, and a half value width of 2 6 angle of 
peak (400) in X-ray diffraction pattern smaller 
than 0.20°, 

the Li/Mn atomic ratio of said complex oxide is 
larger than 0.55, and smaller than 0.80, 
the lattice constant of the spinel crystalline 
structure of said complex oxide is larger than 
8.031 A and smaller than 8.230 A, 
the specific surface area of secondary particles 
of said complex oxide is larger than 0.10 m 2 /g 
and smaller than 1.5 m 2 /g, and 
the average particle diameter of primary parti- 
cles of said complex oxide is larger than 1 urn 
and smaller than 20 |xm. 

2. A lithium secondary battery comprising: 

a negative electrode, 
a non-aqueous electrolyte, and 
a positive electrode, wherein 
an active material of said negative electrode 
comprises amorphous carbon, true density of 
which is in the range of 1 .2 g/cm 3 -1.8 g/cm 3 , 
an active material of said positive electrode 
comprises a complex oxide material including 
Li and Mn, which has a spinel type crystalline 
structure, and a half value width of 2 6 angle of 
peak (400) in X-ray diffraction pattern smaller 
than 0.20°, 

the Li/Mn atomic ratio of said complex oxide is 

larger than 0.55, and smaller than 0.80, 

the lattice constant of the spinel crystalline 

structure of said complex oxide is larger than 

8.031 A and smaller than 8.230 A, 

the specific surface area of secondary particles 

of said complex oxide is larger than 0.10 m ? /g 



and smaller than 1 .5 m 2 /g, and 
the average particle diameter of primary parti- 
cles of said complex oxide is larger than 1 urn 
and smaller than 20 ^im. 

5 

3. A lithium secondary battery comprising: 

a negative electrode, 
a non-aqueous electrolyte, and 
10 a positive electrode, wherein 

an active material of said negative electrode 
comprises amorphous carbon, the crystalline 
thickness Lc of which is in the range of 5 A - 
150 A, 

15 an active material of said positive electrode 

comprises a complex oxide material including 
Li and Mn, which has a spinel type crystalline 
structure, and a half value width of 2 0 angle of 
peak (400) in X-ray diffraction pattern smaller 
than 0.20°, 

the Li/Mn atomic ratio of said complex oxide is 
larger than 0.55, and smaller than 0.80, 
the lattice constant of the spinel crystalline 
structure of said complex oxide is larger than 
8.031 A and smaller than 8.230 A, 
the specific surface area of secondary particles 
of said complex oxide is larger than 0.10 m 2 /g 
and smaller than 1 .5 m 2 /g, and 
the average particle diameter of primary parti- 
cles of said complex oxide is larger than 1 jam 
and smaller than 20 jim. 

A lithium secondary battery as claimed in any one 
of claims 1 -3, wherein 

an input density of single battery is in the range 
of 300 W/kg- 1800 W/kg. 

A lithium secondary battery as claimed in any one 
of claims 1-3, wherein 

an output density of single battery is in the 
range of 500 W/kg - 3500 W/kg. 

A lithium secondary battery as claimed in any one 
of claims 1 -3, wherein 

an input density of a set of batteries is in the 
range of 200 W/kg - 1300 W/kg. 

7. A lithium secondary battery as claimed in any one 
of claims 1 -3, wherein 

an output density of a set of batteries is in the 
55 range of 360 W/kg - 2520 W/kg. 

8. A lithium secondary battery having an input density 
as claimed in claim 4 or claim 6 at an operation tern- 
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perature in the range from -1 0 °C to 50 °C. 

A lithium secondary battery having an input density 
as ciaimed in claim 5 or claim 7 at an operation tem- 
perature in the range from -1 0 °C to 50 °C. 5 
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FIG. 6 
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(57) A lithium secondary battery having a life longer 
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tor power source, electric tools, and the like, which re- 
quire a high output and a high input characteristics, is 
realized, 

A material specified in Li/Mn atomic ratio, lattice 



constant, haif value width, specific surface area, and av- 
erage primary particle size is used as the positive elec- 
trode active material; and a material specified in nega- 
tive electrode density, true density, and crystalline thick- 
ness is used as the negative electrode; in orderto obtain 
a lithium secondary battery having a long life at a high 
temperature, a high output, and a high input character- 
istics. 
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